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SPECIFICATION 




^/j ^TILT ANGLE DETECTING METHOD AND APPAR ATIJS^ 
Technical Field 

The present invention relates to methods and apparatus for detecting a pretilt 
angle of an element in which the direction of orientation of molecules is twisted 
between a light incident side and a light outgoing side. 



Background Technology 

Liquid-crystal display devices using liquid-crystal cells have been widely used 
in monitors and displays due to their characteristics^ such as low weight, small thickness, 
and low energy consumption. The display principle of liquid-crystal cells is based upon 
the fact that the direction of orientation of liquid crystal molecules changes and the 
polarization state of the incident light on the liquid-crystal cell is modulated when a 
voltage is applied across the liquid-crystal cclL 

Various types of liquid-crystal cells utilized in liquid-crystal displays are known- 
Twisted nematic liquid-crystal cells (herein referred to as "TN liquid-crystal cells") and 
super twisted nematic liquid-crystal cells (herein referred to as "STN liquid-crystal 
cells*') have been widely used* 

TN liquid-crystal cells are cells in which the liquid-crystal molecules are 
oriented parallel to the substrate surface, but the orientation direction is twisted through 
an angle of almost 90° between two substrates, STN liquid-crystal cells are cells in 
which the orientation direction of the liquid-crystal molecules is twisted through an 
angle of no less than 90** (for example, about ISO^^-ITO") between two substrates. 
Usually, TN liquid-crystal cells and STN liquid-crystal cells are provided with an initial 
orientation by tilting the liquid crystal molecules with respect to the substrate surface in 
order to improve display performance. The angle of such initial orientation is called a 
pretilt angle. 

Because the display performance of liquid crystal cells changes depending upon 
the pretilt angle, it is necessary to detect the pretilt angle in order to design liquid- 
crystal cells and control the manufacturing process. Furthermore, the pretilt angle also 
should be determined when an orientation technology, which requires the initial 
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orientation of liquid crystal molecules to be a desired pretilt angle, is developed or when 
the relationship between display performance and the pretilt angle of liquid crystal 
molecules is being studied. 

A crystal rotation (CR) method is known as a method for detecting the pretilt 
angle (J. AppL Phys., VoL 48, No 1783, 1977). According to the crystal rotation method, 
a twist-free, horizontally-oriented liquid-crystal cell is disposed between a polarizer and 
an analyzer and the transmitted light intensity is measured while changing the incident 
angle of the incident light on the liquid-crystal cell. The pretilt angle is then calculated 
by using incident angles that correspond to a maximum or minimum intensity of the 
transmitted light Methods for detecting the pretilt angle that have utilized the improved 
crystal rotation methods were disclosed in Japanese Laid-open Patent Application Nos. 
8-94445 and 11-160198. 

However, the crystal rotation method is basically a method for detecting a pretilt 
angle of a liquid-crystal cell in which the orientation direction is not twisted. Therefore, 
it is not suitable for detecting the pretilt angle of liquid-crystal cells having a twisted 
orientation direction, such as TN liquid-crystal cells and STN liquid- crystal cells. 

Accordingly, several pretilt angle detection methods have been proposed that are 
suitable for detecting the pretilt angle of liquid-crystal cells having a twisted orientation 
direction. 

Thus, Japanese Laid-open Patent Application No. 5-18860 disclosed a method 
for detecting a pretilt angle of a liquid-crystal cell by using a photoelastic modulation 
element (PEM) and analyzing the polarization state of the light outgoing from the 
liquid-crystal celL 

Japanese Laid-open Patent Application No. 6-74864 disclosed a method for 
measuring the intensity of light that has passed through a tilted liquid-crystal cell 
(transmitted light intensity) and determining the pretilt angle of the liquid-crystal cell 
based upon the inclination angle at which the transmitted light intensity reaches a 
maximum. 

Japanese Laid-open Patent Application No. 9-152321 disclosed a method for 
measuring spectral characteristics of light that has passed through a tilted liquid-crystal 
cell (transmitted light intensity) and determining the pretilt angle of the liquid-crystal 
cell based upon the spectral characteristics of the transmitted light. 
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Japanese Laid-open Patent Application No, 11-352449 disclosed a method for 
measuring the transmitted light intensity in a liquid-crystal cell by using light having a 
plurality of wavelengths and determining the pretilt angle of the liquid-crystal cell based 
upon the measured intensity of the transmitted light. 

The method disclosed in Japanese Laid-open Patent Application No. 5-18860 is 
based upon the assumption that the thickness d of the liquid crystal cell, the twist angle 
© of orientation between two substrates, and the refractive indexes n^, n^ of the liquid- 
crystal material with respect to ordinary and extraordinary light are known in advance. 
In the case of rod-like liquid crystal molecules, ordinary light is polarized in the 
direction perpendicular to the longitudinal axis of the liquid crystal molecule (electric 
flux density oscillates in this direction), and the extraordinary light is polarized in the 
direction perpendicular to the ordinary light (electric flux density oscillates in the 
direction perpendicular to the oscillation direction of the electric flux density for 
ordinary light). However, the thickness d of the liquid-crystal cell and the twist angle 
$ of orientation are, in fact, not known in advance and should be measured separately. 
Moreover, even if those parameters are determined, the value obtained is different from 
the actual pretilt angle. Furthermore, an expensive photoelastic modulation element 
(PEM) is necessary for these measurements, 

Japanese Laid-open Patent Application No. 6-74864 does not disclose a specific 
method for calculating a pretilt angle of a liquid crystal cell based upon the tilt angle of 
the liquid-crystal cell at which the transmitted light intensity reaches a maximum. By 
altering the tilt angle of the liquid-crystal cell, the transmitted light intensity changes. 
However, the transmitted light intensity greatly depends upon the thickness d of the 
liquid-crystal layer, the twist angle ^ of orientation between the substrates, the 
refractive indexes n^, n^ of the liquid-crystal material with respect to ordinary and 
extraordinary light, and the wavelength A of the light utilized for the measurements. 
For this reason, the relationship between the pretilt angle and tilt angle of the liquid- 
crystal cell at which the transmitted light intensity reaches a maximum is not simple. 

According to the method disclosed in Japanese Laid-open Patent Application No. 
9-152321, the transmitted light intensity must be calculated using a 4 X 4 matrix method 
for polychromatic light each time that changes are made to the thickness d of the liquid- 
crystal layer, the twist angle $ of orientation between the substrates, the refractive 
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indexes n^, of the liquid-crystal material with respect to ordinary and extraordinary 
light, and the wavelength A of light utilized for the measurements. Therefore, the 
amount of calculations is enormous. Furthermore, because the measurements must be 
performed with polychromatic light, the light source and the photodetector become 
complex. 

According to the method disclosed in Japanese Laid-open Patent Application No. 
11-352449, the measurements must be performed using polychromatic light and the 
transmitted light intensity must be calculated using a 4 X 4 matrix method for the 
polychromatic light. Therefore, the same problems are encountered as those described 
with reference to the method disclosed in Japanese Laid-open Patent Application No. 9- 
152321. Furthermore, the specification of Japanese Laid-open Patent Application No. 
11-352449 does not disclose a specific method for calculating the pretilt angle. 

Disclosure of the Invention 

It is an object of the present invention to provide pretilt angle detecting methods 
and apparatus capable of determining a pretilt angle of an element, in which the 
orientation direction of molecules is twisted between the light incident side and light 
outgoing side, within a short time and in a simple manner by using a simple 
measurement apparatus. 

In accordance with a first aspect of the present invention, the transmitted light 
intensity is measured by changing the light incident angle upon a sample having a 
twisted orientation and the pretilt angle of the sample having a twisted orientation is 
determined by analyzing the dependence of the transmitted light intensity on the light 
incident angle for a plurality of light incident angles. 

In accordance with another aspect of the present invention, the light incident 
angle on a sample having a twisted orientation is changed, a plurality of transmitted 
light intensities is measured for each light incident angle, and the pretilt angle of the 
sample having a twisted orientation is determined by analyzing the dependence of the 
transmitted light intensity on the light incident angle for a plurality of light incident 
angles. 
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In accordance with the present invention, it is not necessary to use a plurality of 
lights having different wavelengths. Therefore, the pretilt angle can be determined 
within a short time by using a simple measurement apparatus. 

In a preferred embodiment of the present invention. Stokes parameters for a 
plurality of light incident angles are determined based upon the transmitted light 
intensity measured for a plurality of light incident angles, and then the pretilt angle of 
the sample having a twisted orientation is determined based upon the Stokes parameters. 
When the pretilt angle is determined by using the Stokes parameters, a simpler 
measurement apparatus can be used and the measurement time can be further shortened. 

In another preferred embodiment of the present invention, an apparent 
retardation for a plurality of light incident angles is determined based upon the 
measured transmitted light intensity for a plurality of light incident angles, and then the 
pretilt angle of the element is determined based upon the apparent retardation. When 
the pretilt angle is determined by using the apparent retardation, complex simulation 
becomes unnecessary. Therefore, the amount of calculations is greatly reduced. 

In still another preferred embodiment of the present invention. Stokes 
parameters for a plurality of light incident angles are determined based upon the 
measured transmitted light intensity for a plurality of light incident angles, the apparent 
retardation is determined based upon the Stokes parameters, and the pretilt angle of the 
element is determined based upon the apparent retardation. In this case, the average 
pretilt angle is determined based upon the apparent retardation and the pretilt angle can 
be determined based upon the average pretilt angle. 

In still another preferred embodiment of the present invention, the transmitted 
light intensity is measured in a state in which the following relationship is satisfied 
between the orientation direction oc '""(rad) of molecules at the light incident side 
interface of the sample having a twisted orientation and the twist angle $(rad) of the 
element: 

^ 3>-sin$ 

tana: = — . 

1— cos<& 

The pretilt angle can be determined accurately by measuring the transmitted 
light intensity in such arrangement. 
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The term "a plurality of optical element arrangements" refers to a state in which 
the structural elements of an optical system or arrangement angles of structural elements 
differ, such as, e.g., in the case when a quarter-wave plate is inserted, and the analyzer is 
rotated through a prescribed angle. 

The objects and advantages of the present invention can be more clearly 
understood from the description of the embodiments described below or the claims, as 
illustrated by the drawings. 

Brief Description of the Drawings 

Fig. 1 illustrates an example of a measurement apparatus used in accordance 
with the present invention. 

Fig. 2 illustrates the results of calculating apparent retardation for an incident 
angle by using the present invention. 

Fig. 3 illustrates a system of coordinates used for the calculations illustrated in 

Fig. 2. 

Fig. 4 illustrates another example of a measurement apparatus for measuring 
transmitted light intensity. 

Fig. 5 illustrates measured apparent retardation and apparent retardation 
calculated based upon Stokes parameters. 

Fig. 6 illustrates a relationship between the pretilt angle Q ^ determined by using 
a detection method in accordance with the present invention and the pretilt angle Q ^ 
determined by using the crystal rotation method for a twist-free sample. 

Fig. 7 illustrates the relationship between the pretilt angle Q , determined by 
using the present invention and the pretilt angle O , determined by using the crystal 
rotation method. 

Preferred Embodiments of the Invention 

The preferred embodiments of the present invention will be described below. 

In the present specification, a liquid-crystal cell will be described as an example 
of an element in which the direction of molecular orientation was twisted between the 
light incident side and light outgoing side. However, the present invention is also 
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applicable to elements other than the liquid-crystal cells, for example, to films in which 
the twisted orientation state of liquid crystals is fixed by polymerization. 

As described above, the display principle of liquid-crystal cells is based upon the 
fact that the orientation direction of liquid crystal molecules changes, thereby changing 
the polarization state of the outgoing light when a voltage is applied across the liquid- 
crystal cell. Conversely, the orientation state of liquid crystal molecules can be detected, 
in principle, by analyzing the polarization state of outgoing light. 

The parameters describing the orientation state of a liquid-crystal cell, in which 
the direction of orientation of liquid crystal molecules are twisted between substrates, 
include the thickness d of the liquid-crystal layer (gap between the substrates), the twist 
angle ^ of the direction of orientation between the substrates, and the pretilt angle 9 
A description of the sample, in which the direction of orientation is not twisted, can be 
provided by assuming that in such sample © = 0° and by including this case in 
consideration of samples having a twisted orientation. 

In a sample having a twisted orientation, the orientation direction of liquid 
crystal molecules in the liquid-crystal layer gradually changes from one substrate to the 
other. In the case of a thin layer having a very small thickness, the orientation direction 
of liquid crystal molecules can be approximated as not changing within the thin layer. 

Accordingly, if the liquid-crystal layer is divided into a large number of very 
thin layers, which are so thin that the orientation direction of liquid crystal molecules 
within the thin layers can be approximately considered to be a constant, then changes in 
the polarization state of light propagating through the liquid-crystal layer can be 
represented as a superposition of changes of polarization state of all thin layers. 

Within the divided thin layer, the components n^' and nj of the refractive index 
of the ordinary light and extraordinary light in the direction normal to the layer can be 
represented by [Equations 1]. In this case, ^^c represent a tilt angle and an 

azimuth of the liquid crystal molecules within the thin layer, n^, and n^ represent 
refractive indexes of the liquid crystal with respect to ordinary light and extraordinary 
light, and 0 represent the incident angle of the light The tilt angle 0 lc is the tilt angle 
of the liquid crystal molecules with respect to the substrate surface, i.e., an angle formed 
by a vector parallel to the liquid crystal molecule (referred to as a director) and a 
projection of the director onto the substrate surface. Furthermore, the azimuth is an 
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angle formed by projecting the director onto the substrate surface and a reference axis of 
the substrate surface. 

n'oWno^-X^ 
X=n. • sin^ 

e^=n/+(ne^- ii/)sin^^Lc 
e„=n,V(n/-n,=^cos^0i^ • cos^0i^ 
e^=(ne^— rL^^sin^Lc ' cos^lc ■ cos0i^ 

[Equations 1] 

In this case, n is a refractive index of the surrounding medium (e.g., air). 6 is 
the incident angle of the light, n'^, and n'^ are components of the refractive index in the 
direction normal to the layer; ki^z is defined as ZTTnV^ (i = o or e). the 
component of the vector normal to the wave front of ordinary (i = o) or extraordinary 
light (i = e), and this component is normal to the layer. A is the wavelength of the light. 

When the incident light is perpendicular to the liquid-crystal cell, 6 = 0''. 

Therefore, [Equations 1] become [Equations 2]. 

, Ike * no 

n o . =^ 

V no^+(nc^— no^in^ uc 

n'o = no 

[Equations 2] 

In this case, [Equations 2] do not dei>end on the azimuth of liquid crystal 
molecules within the thin layer. Furthermore, the pretilt angle 0 ^ of the usual TN 
liquid-crystal cell is at most about 10'' and, even in STN liquid-crystal cells, it is about 
30**. Therefore, the tilt angle 9 jjc of liquid crystal molecules within the thin layer is 
almost constant. As a result, it can be approximated that 0 uc - [ ^ lc] = constant. In this 
case, [ 0 uc] is an average tilt angle. Furthermore, in case of normal incidence, it is 
typically assumed that [ 0 ^c] = 0 ^. For this reason, the apparent retardation (phase 
delay) An'd of the liquid-crystal layer represented by [Equation 3] can be taken as a 



n e= 
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constant. Therefore, in the case of normal incident light, the phase difference d, which 
occurs when the light passes through a sample having a twisted orientation, can be 
represented as a function of the apparent retardation An'd of the liquid-crystal layer 
represented by [Equation 3], the light wavelength A , and the twist angle Q of the 
orientation of the liquid-crystal layer. 



An'd=[n'p-n'a]- d = 



no^+(ne^-no^) sin^[i9Lc] 



•no 



[Equation 3] 

Therefore, the polarization state of the outgoing light can be represented by the 
polarization state of the incident light, the wavelength A of the incident light, the 
apparent retardation A n'd of the liquid-crystal layer, and the twist angle $ of the 
orientation of the liquid-crystal layer* In other words, the apparent retardation An'd of 
the liquid-crystal layer can be determined from the polarization state of the outgoing 
light in a normal incident state of light However, the thickness d of the liquid crystal 
layer and [ 0 ^c] cannot be independently determined from the apparent retardation 
An'd thus found. In order to determine [^lc] from the apparent retardation An'd, it is 
necessary to know in advance the thickness d of the liquid-crystal layer, as in the pretilt 
detection method disclosed in Japanese Laid-open Patent Application No. 5-18860. 

For this purpose, in the conventional pretilt angle detection methods, the 
transmitted light intensity was measured by using a plurality of lights having different 
wavelengths. However, such methods for measuring the intensity of transmitted light by 
using a plurality of lights requires the preparation of light sources or photodetectors and 
optical elements which correspond to each wavelength. Further, calibration of the light 
output of the light sources and detection efficiency of photodetectors should be 
performed for each wavelength. Furthermore, the measurement time is long. Moreover, 
when samples having color filters attached thereto are measured, there is a possibility 
that different pixels will be measured if the wavelength is different. Because the pixel 
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thickness of color filters differs, the thickness d of the liquid-crystal layer also differs in 
the pixels. For this reason, the reliability of the measurement results is lost. 

In accordance with the present invention, the incident angle 0 of the incident 
light on a sample having a twisted orientation, such as a liquid-crystal cell, is changed 
and the quantities depending on the Kght incident angles 0 are measured for a plurality 
of (at least two) light incident angles. For example, the transmitted light intensity or 
transmissivity can be used as such quantity. In the present specification, the expression 
"transmitted light intensity" is intended to mean the measured value representing the 
intensity of light detected with a photodetector, including the transmissivity. The pretilt 
angle 0 , and the thickness d are independently determined based upon the measured 
quantities. 

More specifically, the pretilt angle 0 3 and sample thickness (gap) d are 
determined by comparing the measured transmitted light intensity corresponding to 
each light incident angle 0 with calculated data obtained by simulation. In the 
alternative, the pretilt angle 0 , and sample thickness (gap) d are determined by 
comparing the measured transmitted light intensity corresponding to the light incident 
angles 0 or the quantities calculated from the intensity of transmitted light, e,g.. Stokes 
parameters or apparent retardation, with theoretical formulas. 

Because methods in accordance with the present invention, in principle, do not 
require the utilization of a plurality of lights having different wavelengths, the light 
source and photodetector system can have a simple configuration. Furthermore, it is 
also not necessary to take into account effects resulting from the utilization of a 
plurality of lights having different wavelengths. 

The preferred embodiments of the present invention will be described below. 

First Embodiment 

An "extended Jones matrix method" or a "4X4 matrix method" can be used for 
the simulation. Accuracy can be increased by incorporating information about structural 
components, such as transparent electrodes or oriented films, into the simulation. The "4 
X 4 matrix method" requires more computation that the "extended Jones matrix 
method." However, in accordance with the present invention, computation may be 
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performed for a single wavelength. Therefore, the amount of computation may be 
reduced by comparison with multiple-wavelength computations using the "4X4 matrix 
method." For this reason, accuracy can be increased by changing the simulation method, 
even when samples are considered that have a large pretilt angle 0 thereby making it 
impossible to approximate the tilt angle ^ lc t'Y ^ constant, or when the pretilt angles 
0 J. are different at the upper and lower boundaries. 

In the present embodiment, a case will be considered in which the "4 X 4 matrix 
method" was used. 

Propagation of light is described by Maxwell's equations. When a sample is 
electrically neutral and the electric resistance is sufficiently large. Maxwell's equations 
at any point in the sample can be represented by [Equation 4]. In this case, E^, Ey, E^ are 
the components of an electric field vector* Dy, D^^ are the comp>onents of an electric 
flux density vector. H^, Hy, are the components of a magnetic field vector. B^,, By, 
are the components of a magnetic flux density vector, £ — ' B ^ are the components of 
a dielectric constant tensor represented by [Equations 5], JU is magnetic permeability. 
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[Equation 4] 
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In this case, and are the refractive indexes of ordinary light and 
extraordinary light, ^^c ^uz ^he tilt angle and azimuth of a molecule at a point 
under consideration. 0 is a light incident angle. Brackets < > provided at both sides of 
a symbol will herein represent a tensor or matrix. If the point under consideration is 
within the liquid-crystal layer, the parameters of the liquid crystal are used as the above- 
described parameters. Furthermore, in the case of an isotropic medium, n^ = n^, and 6 lc 
= <z4lc = 0°. 

If an approximation is used such that the tilt angle in the liquid-crystal layer is 
considered to be a constant, then 0^ = [^lc]- Generally, it is most often considered 
that [ ^ uc] = ^ 3- [ 0 Lc] is a parameter having a positive correlation with pretilt angle 
0 ^ and coincides with the average tilt angle in the case of normal incidence. However, 
it is not exactly equal to pretilt angle G 3. If the pretilt angle 0 ^ is determined with 
higher accuracy, then the distribution of the tilt angle 0jjcin the liquid-crystal layer can 
be determined by orientation simulation. 

When monochromatic light having an angular frequency O) is incident from an 
isotropic medium with a refractive index n, and propagates over an XZ plane from the 
negative direction of the Z axis to the positive direction thereof, and if the dielectric 
constant tensor < £ > in the XZ plane is assimied to be constant, then [Equation 4] can 
be replaced with [Equations 6]. In diis case, i is an imaginary number unit, and d is a 
light incident angle. 
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[Equations 6] 
Underlined symbols hereinbelow represent vectors. 

Within a small zone having width h, such that <A> can be considered to be a 
constant, [Equation 6] can be integrated. The integrated [Equation 6] can be represented 
by [Equation 7]. 

:*l(z+h)=exp(ia> h< A >)«:(z)=<P(z,h)>:*:(z) 

[Equation 7] 
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<P> is called a local propagation matrix. 

If the operation is repeated for n divided zones, [Equation 8] is obtained. 
:!P(z+ S><P„><P„.,> <P2><Pi>JL(z) 

=<P,,,><PLc><Pia> 

=<F(z,s)>£iz) 

[Equation 8] 

<F> is called a propagation matrix. Furthermore, <F^^{> and <Pin> are local 
propagation matrixes of the optical element, e.g., a substrate, at the light outgoing side 
and light incident side. <Plc> is a local propagation matrix of the liquid-crystal layer, s 
is the total length of the light propagation. 

The state of the out^ing light that has propagated a distance s can be found by 
solving [Equation 8] with respect to the polarization of the incident light and using 
[Equation 6]. More specifically, s is the sum of the liquid-crystal layer thickness d and 
the thickness of the optical element at the light outgoing side and light incident side, 
which were taken into account when computing the propagation matrix. 

The intensity I of light that was transmitted through the sample is a function of 
the pretilt angle 0 „ the thickness (gap) d of the liquid crystal layer, and the light 
incident angle 0 . The transmitted light intensity I can be represented as [Equation 9] by 
using components BJz + s), Ey(z + s), Bj(z + s) of the electric field vector of outgoing 
light. 

I( 0 .,d, 0 )=|E,(z+s)P+|Ey(z+s)P+lE,(z+s)P 

[Equation 9] 

In the present embodiment, the pretilt angle 0 , of the sample is determined in 
the following manner. 

The first method is a method for determining in advance the relationship 
between the pretilt angle 0 , and transmitted light intensity 1. 

According to the first method, the transmitted light intensity I corresponding to 
an optical system arrangement (a combination of locations of optical elements, such as a 
polarizer, an analyzer, etc.) in one or a plurality of combinations having a plurality of 
light incident angles 0 is calculated in advance by using [Equations 4] ~ [Equation 9] 
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with respect to various combinations of pretilt angle 0 ^ and thickness d of the liquid- 
crystal layer. 

The transmitted light intensity I is then measured for each light incident angle d , 
while changing the light incident angle 0 , Then, the combinations of transmitted light 
intensity I for each light incident angle 0 for various combinations of pretilt angles 0 ^ 
and the thickness d of the liquid-crystal layer that were calculated in advance are 
searched to find the closest to the combination of measured transmitted light intensity I 
for each light incident angle 0 . 

The pretilt angle of the sample thus determined is the pretilt angle 0 ^ 
corresponding to the combination that has been found. 

According to the second method, the combinations of pretilt angle 0 ^ and 
thickness d of liquid-crystal layer are successively substituted into [Equations 4] ~ 
[Equation 9] until the transmitted light intensity I calculated for each light incident 
angle 0 almost coincides with the transmitted light intensity I measured for each light 
incident angle 0 . 

According to the second method, the transmitted light intensity I of the sample is 
measured for each light incident angle 0 while changing the light incident angle 0 . 

Then, [Equations 4] ~ [ Equation 9] are used and the transmitted light intensity 
I for each light incident angle 0 is calculated under the assumption that the pretilt angle 
0^of the sample and the liquid-crystal layer thickness d are the appropriate values. The 
pretilt angle 0 , of the sample and the liquid-crystal layer thickness d are then changed 
until the transmitted light intensity I calculated for each light incident angle 0 almost 
coincides with the transmitted light intensity I measured for each light incident angle 0 . 

The pretilt angle 0 ^ of the sample is determined from the combination of pretilt 
angle 0 ^ and the liquid-crystal thickness d at the time when the transmitted light 
intensity 1 calculated for each light incident angle 0 almost coincided with the 
transmitted light intensity I calculated for each light incident angle 0 • 

In the above-described two methods, only the pretilt angle 0 ^ and thickness d 
are changed. Therefore, other parameters, e.g., the twist angle ^, must be known in 



16 



wy^ 02- 5-31:18:43 ; mmmmt^mmFfi patters ofj iHi n Tu 'Q ^rin 



advance. However, even when other parameters are not known, the unknown 
parameters can also be determined by modifying the methods so that, in addition to the 
pretilt angle Q ^ and thickness d, the unknown parameters are also changed. 

Furthermore, in the above described two methods, the calculated values of the 
transmitted light intensity I were compared with the measured ones. However, other 
quantities, e.g.. Stokes parameters, calculated from the transmitted light intensity I may 
also be compared. A method for measuring and calculating the Stokes parameters will 
be described hereinbelow* 

By approximating the tilt angle in the liquid-crystal layer as a constant, the 
pretilt angle obtained using the two above-described methods is [ ^ ^jc], [ 0 lc] is a 
quantity having a positive correlation with the pretilt angle 0 , and coincides with the 
average tilt angle in the case of normal incidence. However, strictly speaking, it does 
not coincide with the pretilt angle Q ^. If the absolute value of pretilt angle 0 , is not 
necessarily required, e.g., in display production control, only variations of pretilt angle 
O 5 may be determined. In such a case, [Oix] may be readily utilized as the pretilt angle. 
Furthermore, the pretilt angle also may be determined from [Ouc] hy plotting the 
calibration curve of[0 lc] pretilt angle 0 ^ obtained by conducting measurements 
on a sample having a known pretilt angle 0 , and then using the calibration curve for the 
determination. Furthermore, the pretilt angle 0 ^ may also be calculated from [^lc] t>y 
using the relationship between [^jjc] and pretilt angle 0^, which is described in greater 
detail in the fourth embodiment. 

When the pretilt angle 0 ^ itself is used as a parameter for calculating the 
transmitted light intensity I, as in the case when orientation simulation is utilized, the 
pretilt angle 0 , itself can be determined using the two above-described methods. 
Therefore, pretilt angle 0 , can be deternuned with higher accuracy. 

Second Embodiment 

The second embodiment of the present invention will be described below. In the 
second embodiment, the pretilt angle is determined by using Stokes parameters. 

A method using Stokes parameters has been known as a method for representing 
the polarization state of light. The Stokes parameters of liquid-crystal cells can be 
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calculated by using the transmitted light intensity measured in a state in which a 
quarter-wave plate or polarizer is disposed at the light incident side and light outgoing 
side of the liquid^crystal cell. This procedure is therefore very simple. A method for 
detecting the Stokes parameters is disclosed, for example, in Principles of Optics (M. 
Bom, E. Wolf. Translated into Japanese by Kusagawa and Yokoda. Published by Tokai 
Daigaku Shuppankai) or Japanese Patent No. 3023443. 

A method for detecting Stokes parameters will be described below. 
For example, a measurement apparatus shown in Fig. 1 can be used for 
measuring the transmitted light intensity necessary in order to calculate the Stokes 
parameters So, S^, Sj, S3 of a liquid-crystal cell. In the measurement apparatus shown in 
Fig* 1, a light source 1, a polarizer 2, a sample 3 having a twisted orientation (e.g., a 
liquid-crystal cell) 3, a quarter-wave plate 4, an analyzer 5, and a photodetector 6, such 
as a photodiode or CCD camera, are arranged in an X-Y-Z system of coordinates having 
orthogonal axes X, Y, and Z. 

The light source 1 emits light along the Z axis. The polarizer 2 is disposed 
parallel to the X-Y plane, which is perpendicular to the Z axis, and the transmission axis 
(polarization axis) thereof is set in the Y axis direction. The analyzer 5 is disposed 
paraDel to the X-Y plane and the transmission axis (jx>larization axis) thereof can be set 
along the X axis direction and Y axis direction and at an angle of 45'' with respect to the 
X and Y axes. The quarter-wave plate 4 is disposed so that it can be inserted between 
the sample 3 and the analyzer 5 in a state in which the fast axis thereof is oriented along 
the Y axis direction. With respect to the refractive index main axes, a refractive index 
main axis for which the main refractive index in the direction of the refractive index 
main axis is less than the main refractive index in the direction of other refractive index 
main axes is referred to as a fast axis. Furthermore, the quarter-wave plate 4 is disposed 
so that the fast axis thereof can be set along the Y axis direction, X axis direction, and at 
an angle of 45"* with respect to the X and Y axes. The sample 3 is set in a sample 
rotating mechanism having a rotational axis P, which crosses the light beam emitted 
from the light source 1 and is parallel to the Y axis, so that the normal thereto is parallel 
to the Z axis. 

A white-light source, such as a halogen lamp, can be used as the light source 1. 
When a white-light source is used as the light source 1, a color filter for converting the 
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light emitted from the light source 1 into monochromatic light is inserted between the 
light source 1 and the polarizer 2. Furthermore, a laser can also be used as the light 
source. 

A processing device (not shown in the figures) is provided to calculate the 
Stokes parameters of the transmitted light, the pretilt angle O^of the sample 3, and the 
thickness d of the liquid-crystal layer based upon the output signals of the photodetector 
6 and to output the calculation results to a display screen or a printer. 

The polarizer 2, the analyzer 5, the quarter-wave plate 4, and the sample 3 may 
be rotated and inserted manually or using a drive means, such as a motor. Furthermore, 
detection means for detecting the rotation angle of the sample 3 (light incident angle) is 
preferably provided and detection signals from the detection means are preferably input 
into the processing device. 

Measurements of the transmitted light intensity necessary to calculate the Stokes 
parameters S^ ~ S3 of sample 3 using the above-described measurement device are 
performed, for example, in the following manner. The sample 3 is rotated through an 
appropriate light incident angle 0 . 

First, the transmission axis of the analyzer 5 disposed between the sample 3 and 
the photodetector 6 is oriented along the X axis direction. TTien, the quarter-wave plate 
4 is removed from the measurement system. In the alternative, the fast axis of the 
quarter-wave plate 4 is oriented parallel or perpendicular to the transmission axis of the 
analyzer 5. The output signal of the photodetector 6 at this time is considered to be a 
transmitted light intensity 9 ) corresponding to the light incident angle 9 . 

The transmission axis of the analyzer 5 is then oriented along the Y axis 
direction. Then, the quarter-wave plate 4 is removed from the measurement system. In 
the alternative, the fast axis of the quarter-wave plate 4 is oriented parallel or 
perpendicular to the transmission axis of the analyzer 5. The output signals of the 
photodetector 6 at this time are considered to be a transmitted light intensity Iy( 9 ) 
corresponding to the light incident angle 9 . 

The transmission axis of the analyzer 5 is then oriented at an angle of 45° to the 
X and Y axes. Then, the quarter-wave plate 4 is removed from the measurement system. 
In the alternative, the fast axis of the quarter-wave plate 4 is oriented parallel or 
perpendicular to the transmission axis of the analyzer 5. The output signals of the 
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photodetector 6 at this time are considered to be a transmitted light intensity l^y( 0 ) 
con-esponding to the light incident angle 6 . 

Then, the quarter-wave plate 4 is disposed between the sample 3 and the 
analyzer 5 so that the fast axis thereof is oriented in the Y axis direction, in a state in 
which the transmission axis of the analyzer 5 has been oriented at an angle of 45"* with 
respect to the X and Y axes. The output signals of photodetector 6 at this time are 
considered to be a transmitted light intensity lqxy(0) corresponding to the light incident 
angle 0 . 

The transmitted light intensities 1^,(0% ly(0)y l^y(0), and l^y{0) corresponding 
to the light incident angle 0 that were measured in the above-described manner have 
the relationships represented by [Equations 10] with the Stokes parameters So( 0 ), 
Si( 0 ), S^i 0 ), and 0 ) corresponding to the light incident angle 0 . 

Soi0) = U0)^Jy(0) 
S.(0) = I.(6>)-Iy(0) 

S3(6>) = [I.(0)+Iy(^)] - 2 -1^,(0) 

[Equations 10] 

In a state of complete polarization. Stokes parameters So( 0 ) ~ S3( 0 ) will 
satisfy the relationship represented by [Equation 11]. 

So((9)^= Si(6>)^+ S^(0)^+ S^i0f 

[Equation 11] 

In a state of complete polarization, it is sufficient to know three of the Stokes 
parameters So(^) ~ S^(0y Therefore, when calculations are performed based upon 
the measured values, it is not necessary to calculate all four Stokes parameters So( 0 ) ~ 
S3( 0 ), even when the theoretical calculation is pierformed by using [Equations 4] ~ 
[Equation 9]. As a result, the calculations can be simplified. 

Furthermore, if the loss of light intensity caused by reflection or scattering and 
absorption is ignored, then So{0) becomes a constant that matches the incident light 
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intensity and does not depend upon 6 . This constant So( 0 ) can be determined from the 
measured values of I^C^) and 1/0). In this case, it is sufficient to determine only two 
of Si^(0% Szid), ^3(0) from [Equation 11]. Therefore, the calculations can be further 
simplified. Moreover, in this case, measurement of the transmitted light intensity, e.g., 
transmitted light intensity lq^y(0), can be omitted. If the measurement of transmitted 
light intensity l^^y(0) can be omitted, the quarter-wave plate becomes unnecessary, the 
optical system can be simplified, and the measurement time can be shortened. 

A complete polarization state is difficult to implement. However, for practical 
purposes, it is sufficient to use a polarizer and an analyzer having a quenching ratio of 
no less than 1000:1, and preferably no less than 5000:1. 

A method for theoretically calculating Stokes parameter will be described below. 

In the system of coordinates X-Y-Z shown in Fig. 1, light propagates along the 
Z axis direction. For this reason, the electric field vector E(0) of light that passed 
through the sample 3 having a twisted orientation can be represented by a vector with 
two components in the X axis direction and Y axis direction (such vector is called a 
Jones vector). Furthermore, in most samples having a twisted orientation, the anisotropy 
In^ - of the refractive index is less than the refractive index itself. Under this 
assumption, the electric field vector E( 0 ) of the light that passed through sample 3 can 
be represented by [Equation 12] by using the electric field vector JEl'* to describe the 
polarization state of incident light. 




[Equation 12] 



In this case, <R^>, <R* 



'> are rotation matrixes represented by [Equations 13]. 
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[Equations 13] 

Furthermore, is an azimuth of liquid crystal molecules at the light incident 
side interface in the system of coordinates X-Y-Z. Thus, a ^ is an angle (azimuth of 
molecules at the light incident side) formed by the X axis and the director (orientation 
direction) of the liquid crystal molecule at the light incident side when the sample 3 is 
disp>osed parallel to the X-Y plane. 

Furthermore, <T°( 0 )>, <T"*( 6 )> are matrixes representing anisotropy of 
transmissivity caused by the direction of light polarization at an air - glass interface and 
a glass - liquid crystal interface* 



. 2 • cos^ 2 - ng^ • cos0g" 

Up — 



COS 0 8^*^+ iig^ ' cos 6 llg^ • cos 6^+ no- cos 0 g^" 

^ _ 2 ' cosg 2 ' ns" ■ cos^g^ 

cos^ + ng*" • cos^g^ rig^ • cos0b^+iid- c o s 

^ 2 * no- cos^o 2 ' rig ■ cosgg*"* 

^ no- cos e g°"*+ ng™** • cos ng°"* • cos ^ +cos 0 g°"' 

2 • no- COS0O 2 • ng^* • cos( 



ts': 



no- cos0o+ng°"^ • cosSg^* ng""* • cos0g^*+cos0 

n • sin0 =ng^ • sin0g^=nx)- sin6b= ng*^ • sin^g"^ 

[Equations 14] 

hg" and n^""* are refractive indexes of the substrate at the light incident side and 
light outgoing side, respectively, 0 g and 0 ^ are refractive indexes in the glass substrate 
and liquid-crystal layer, n is a refractive index of the surrounding isotropic medium, 
e.g., air. When no substrate is used, ttie refractive index of the surrounding medium is 
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used. Indexes and [°^*] indicate the light incident side and light outgoing side. 
<J(0 )> can be formally represented by [Equations 15]. 



a=:~sinO • sin(x<^) + cos^> • cos(xO) +i— cosO • sin(x3>) 
X X 

b = — cos$ • sin(x<I>)—sin5> - cos(x<I>) +i— sinO • sin(x4>) 

X X 

nr-, ^ TtAxi' (0)d 

x = vl+u2 u= , ^ 

A * 

[Equations 15] 

Furthermore, index * represents a conjugated complex number (a complex 
number with an inverted sign of an imaginary portion). O is the twist angle of 
orientation. AnX0)d is the apparent retardation of the liquid-crystal layer, d is the 
thickness (gap) of the liquid-crystal layer. 

The apparent retardationAn'(0 )d of a liquid-crystal layer can be approximately 
represented by [Equations 16]. 
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G- zz 

X = n • sinO 

TZ = no=^+(ne2- no>in^S9 LC] 



£ H = (rie^— na^)sm j9 LC]* COS© UC *COS 0 uc 



cos^uc = — Jpcos^d?? 



^ all 

cos0ijc = — fcosq?diqj 

[Equations 16] 

In this case, the tilt angle ©^c of a liquid crystal molecule was approximated as 
being equal to a certain constant value [ 0 lJ- 

If [Equations 13] ~ [Equations 16] are substituted into [Equation 12], then 
[Equation 12] can be represented as [Equation 17]. 



[Equation 17] 

AJ^ 9 ) and Ay( 0 ) are amplitude components of the electric field vector. 6 J^9) 
and 6 y(^6) are phase components of the electric field vector. 

When the electric field vector of the outgoing light is represented by [Equation 
17], the Stokes parameters SJ^G) ~ S^{6) can be represented by [Equations 18] by 
using Ac(0),Ay(0), 5,(0), and 6 ^{9). 
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S„(0)=V((9)+A,^(0) 

s,id)=A/(9)-Ay\e) 

S^ie) = 2 - A,(^) ■ A,(^) • cos[^,(0)- d,(6>)] 
S3(6>)=2 • A,(^) • AyC^) • sin[<S,(0)- 

[Equations 18] 

A method for detecting the pretilt angle of a sample having a twisted orientation 
based upon Stokes parameters will be described below by using [Equations 10] ~ 
[Equations 18]. In the method explained hereinbelow, a\ n^^, ng**""*, no, n^, and A 
are assumed to be known. Manufacturer's catalogue values may be used for ng ng°"^ no, 
and n^. Furthermore, for example, values obtained by performing measurements using 
the method disclosed in Japanese Patent No. 3023443 may be used. 

First, transmitted light intensities 6 ), Iy( G ), I^y( O ), and Iq^y( 9 ), which 
correspond to a plurality of light incident angles 0 (sample rotation angle) of sample 3, 
are measured using the measurement device shown in Fig. 1. Then, Stokes parameters 
So( ^ ) ~ 0 ) corresponding to light incident angles 0 are calculated from the 
measured transmitted light intensities Iy(^X Ixy(^)» WC^) corresponding 

to the light incident angles 0 by using [Equations 10] and [Equations 11]. 

Stokes parameters So( 0 ) ~ S^(^ 0 ) corresponding to light incident angles 0 can 
be calculated by using [Equation 12] ~ [Equations 15] and [Equation 17] ~ 
[Equations 18] by considering the apparent retardation An'd(0), which corresponds to 
light incident angles ^ , to be an unknown value. Thus, the electric field vector E( 0 ) of 
the light that passed through sample 3 is represented by [Equation 17] by using 
[Equation 12] ~ [Equations 15], Then, Stokes parameters So( ^ ) ~ 0 ) are 
calculated by using [Equation 18]. Stokes parameters Sq(0) — S3( 0 ) corresponding to 
various light incident angles 0 , which were obtained by measurements, are compared 
with the calculated values obtained by considering the apparent retardation An*d(0), 
which corresponds to light incident angles ^ , as an unknown value, and the apparent 
retardation An*d(0), which corresponds to light incident angles 0^ is calculated, for 
example, by performing fitting. 
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Then, [ 0 lc] having a positive correlation with the sample thickness (gap) d and 
the pretilt angle 0 ^ is calculated by using [Equation 16] from the calculated apparent 
retardation A n'd(0) corresponding to light incident angles 0 . 

[0uc]is a. quantity having a positive correlation with pretilt angle 0 ^. However, 
strictly speaking, it is not equal to the pretilt angle 0 When the absolute value of 
pretilt angle is not required, e.g., when only variations of the pretilt angle 0^ may be 
determined for display production control, [^ix:] may be considered to be the pretilt 
angle. Furthermore, by using a sample having an already known pretilt angle 0^y the 
calibration curve of [^lc] ^ind the pretilt angle 0^ may be plotted and the pretilt angle 
0^ may be determined from [0 tjc\* Furthermore, the pretilt angle 0^ also may be 
determined from [ 0 lc] using the formula describing the relationship between [ 0 lc] 
and 0s7^ described in detail in the fourth embodiment. 

[Equation 16] demonstrates that the apparent retardation A n*( 0 )d changes 
depending upon the light incident angle 0 , the sample thickness d^ and [ 0 j^] having a 
positive correlation with the pretilt angle 0 Fig. 2 shows an example of the 
relationship between the apparent retardation An'(^)d of the liquid-crystal layer and 
the light incident angle 0 calculated from [Equation 18]. The system of coordinates 
used for the calculation is shown in Fig. 3. In Fig, 2, the light incident angle is plotted 
against the abscissa, and the apparent retardation A n'( 0 )d is plotted against the 
ordinate. 

Fig. 2 shows that the shape of the An'(fi)<l — 0 curve changes with [0uc]^ 
Furthermore, [Equation 16] demonstrates that the thickness d of the liquid-crystal layer 
relates to the value of the apparent retardation An\0)d and has no relation to the 
relative shape of the An'(0)d — 0 cm^^e. Therefore, it can be understood that [^lc] 
and the thickness d of the liquid crystal layer can be found by experimentally 
determining the An'(^)<i — 0 curve and then comparing the found An'(0)d — 0 
curve with [Equation 16]. 

However, when [Equation 16] was derived, an assumption was made that the 
changes in refractive index within the thin layers, which are obtained by dividing the 
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liquid-crystal layer, are smalL Furthermore, changes in the refractive index caused by 
twisted orientation were approximated using an average value. Therefore, those 
approximations will become invalid if the light incident angle 0 increases. For this 
reason, the appropriate light incident angle 0 is within ±20% and preferably, within 
±10% 

As described above, in the present embodiment, the pretilt angle can be 
determined by measuring the Stokes parameters, while changing the light incident angle 
on the sample having a twisted orientation. When (X^ (azimuth of molecules at the light 
incident side interface) and 3* (twist angle of orientation) are determined by using the 
Stokes parameters, e.g., using the method disclosed in Japanese Patent No. 3023443, a 
series of parameters including the pretilt angle, can be determined by detecting only the 
Stokes parameters. The Stokes parameters can be readily measured using the simple 
optical system shown in Fig. 1 by using only monochromatic light of an arbitrary 
wavelength. 

The merits of this method for detecting the pretilt angle 0 ^ and the sample 
thickness (gap) d by using the apparent retardation An'(d )d as described in the present 
embodiment will be described below. 

Complex simulation employed in the 4X4 matrix method is not required. 
Therefore, the amount of calculations can be greatly reduced. The pretilt angle 0 , and 
the sample thickness (gap) d can be determined by measuring only the transmitted light 
intensity of monochromatic light having any wavelength when the light incident angle 
is changed in the vicinity of the normal incident direction. Therefore, the measurement 
time can be shortened. 

When the light incident angle variation range is large, the measurement point 
sometimes moves due to a shift of the rotational center of the sample. In this case, the 
reliability of the measurements may be lost if the sample thickness is non-uniform. In 
the present embodiment, this problem can be avoided and the reliability of the 
measurements is high even for samples having non-uniform thickness, because the light 
incident angle variation range may be narrow. 

Third Embodiment 
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The apparent retardation A nX O )d can be determined not only by a method 
using Stokes parameters. Thus, various methods can be used for this purpose, provided 
that the methods can detect the dependence of the apparent retardation An*(^ )d on the 
light incident angle 0 . 

A third method for detecting the transmitted light intensity based upon the 
dependence of the apparent retardation An*(^)d on the light incident angle 0 will be 
described below. This embodiment is especially effective when the pretill angle is 
determined for a sample having a twisted orientation in which the twist angle is about 
±90°, as in a liquid-crystal cell. 

The transmissivity T( 0 ) of the sample having a twisted orientation, which is 
disposed between a polarizer and an analyzer, can be represented by [Equation 19]: 



T(e) = Jcos(x*)- cos(® - sin(<5 - y) 

[- 2 
H . sin\x$)- cos^($ - r + 2 a) 



2 



^^TT- A n'(g)d x=Vr+^ 
^ A 

[Equation 19] 

y is the angle between the transmission axis (polarization axis) of the polarizer 
and the transmission axis (polarization axis) of the analyzer. $ is the twist angle of the 
sample orientation. OC is the angle between the transmission axis (polarization axis) of 
the polarizer and the azimuth direction of liquid crystal molecules at the light incident 
side interface. 

If the twist angle $ of orientation is assumed to be ±90° and a sample having a 
twisted orientation is disposed so that OL - ±45°, then the transmissivity TX O ) and 
Tp(^) in a cross Nicol state and a parallel Nicol state can be represented by [Equation 
20]. The cross Nicol state is a state in which the transmission axis of the polarizer is 
perpendicular to the transmission axis of the analyzer. Furthermore, the parallel Nicol 
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state is a state in which the transmission axis of the polarizer is parallel to the 
transmission axis of the analyzer, 

T,(0)=cos\x<l>) 

Tp(0)-sin^(x<I») 

[Equations 20] 

Thus, the apparent retardation An'( 0 )d can be represented by [Equation 21]: 
4> 



An'(6!)d=— • AV5^^ 

TV 



[Equation 21] 

In this embotiiment, for example, the measurement apparatus shown in Fig. 4 is 



used. 



In the measurement apparatus shown in Fig. 4, a light source 11, a polarizer 12, 
a sample 13 having a twisted orientation (e.g., a liquid-crystal cell), an analyzer 15, and 
a photodetector 16 are disposed in an X-Y-Z system of coordinates having orthogonal 
axes X, Y, and Z. 

The light source 11 emits light along the Z axis. The polarizer 12 is disposed 
parallel to the X-Y plane, which is perpendicular to the Z axis, and the transmission axis 
(polarization axis) thereof is set along the direction forming an angle of ±45° with 
respect to the azimuth of molecules at the light incident side interface. The analyzer 15 
is disposed parallel to the X-Y plane and the transmission axis (polarization axis) 
thereof is disposed so that it can be set parallel and perpendicular to the axis of the 
polarizer 12. Hie sample 3 is disposed parallel to the X-Y plane, so that it can be rotated 
around the rotational axis P. 

A white-light source, such as a halogen lamp, can be used as the light source 1. 
When a white-light source is used as the light source 1, a color filter for converting the 
light emitted from the light source 1 into monochromatic light is inserted between the 
light source 1 and the polarizer 2, Furthermore, a laser can also be used as the light 
source. 
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A method for measuring the transmitted light intensity in order to analyze the 
dependence of the apparent retardation A n^ 6 )d ([Equation 21]) on the light incident 
angle 0 using such measurement apparatus will be described below. 

The sample 13 is disposed in an optical system at an appropriate rotation angle 
(light incident angle) 0 . The output signal of the photodetector 16 in the parallel Nicol 
state (the transmission axis of polarizer 12 and the transmission axis of analyzer 15 are 
parallel to each other) is considered to be a transmitted light intensity Ip( 0 ). 
F\irthermore, the output signal of photodetector 16 in the cross Nicol state (the 
transmission axis of polarizer 12 and the transmission axis of analyzer 15 are 
perpendicular to each other) is considered to be a transmitted light intensity 0 ), 

The transmitted light intensities Ip( 0 % I^( 0 ) and the transmissivity ratio 
Tp(0)yTc(0) contained in [Equation 21] satisfy the relationship described by [Equation 
22]; 

T,(0) _I,i0) 
Tc(6) Ic(e) 

[Equation 22] 

Then, the sample 13 is rotated about the rotational axis P and the transmitted 
light intensities Ip( 0 ), IJ^ 0 ) are measured at a plurality (at least two) rotation angles 
(light incident angle) 0 . 

The measured transmitted light intensities 1^(0% Ic(^ ) for various light incident 
angles 0 are substituted into [Equation 22] and the transmissivity ratio T^{0)fTX0) 
for the light incident angles is calculated. 

Then, the apparent retardation A n'( ^ )d for the light incident angle 0 is 
calculated by using [Equation 21], 

Then, the sample thickness (gap) d and [^ix:] having a positive correlation with 
the pretilt angled, is calculated by using [Equation 16] based upon the calculated 
apparent retardation A n'd( 0 ) corresponding to the light incident angle 0 . 

[0 uc\ is a quantity having a positive correlation with the pretilt angle 0 
However, strictly speaking, it is in not equal to the pretilt angle 0^. When the absolute 
value of the pretilt angle 0 , is not required, e,g*, when only variations of the pretilt 
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angle 0 ^ may be determined for display production control, [ 0 lc] may be considered 
to be the pretilt angle. Furthermore, by conducting measurements on a sample having 
an already known pretilt angle 0 ^, the calibration curve of [^^c] and pretilt angle 0 ^ 
may be plotted and the pretilt angle 0^ may be evaluated from [0uc]' Furthermore, the 
pretilt angle 0 ^ may also be evaluated from [ 0 lc] t>y using the formula that describes 
the relationship between [^lc] and 0„ as will be described in detail in the fourth 
embodiment. 

The object of the measurements using the method of the present embodiment is 
a sample having a twisted orientation with an orientation twist angle of about ±90° and 
the method is not universal. However, the advantage of the method of the present 
embodiment over the method described in the second embodiment, which used Stokes 
parameters, is that it does not require the quarter-wave plate and number of the 
measured transmitted light intensities is small. 

Fourth Embodiment 

As described above, according to the method using the apparent retardation 
An'd(0% [^Lc] having a positive correlation with the pretilt angle 0^ is determined 
rather than the pretilt angle 0^ itself. Then, a calibration curve for determining the 
pretilt angle 0 g from [ 0 lc] is plotted by performing measurements of a sample having 
a known pretilt angle 0 , and the pretilt angle 0 ^ is determined by evaluating the pretilt 
angle 0 , from [ 0 lc] by using the calibration curve. In such method for detecting the 
pretilt angle 0 > from the [ ^ lc] — 0 » calibration curve, an increase in detection 
accuracy is limited. Accordingly, in the present embodiment, a method suitable for 
accurate detection of the pretilt angle is described. With such method, the pretilt angle 
0 , is calculated from [0sx:]^y using mathematical equations. 

First, a sample having a twisted orientation is disposed in an optical system so 
that [Equation 23] is satisfied. 

$ —sin^* 



tana' 



1 — cos4> 

[Equation 23] 
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Here, 0(rad) is the twist angle of the orientation of the sample having a twisted 
orientation. When O = 0^, the value of the right side of [Equation 23] becomes 
indeterminate. However, in this case, the following explanation is valid for any a:*". 

When the sample having a twisted orientation is disposed so that [Equation 23] 
is satisfied, the apparent retardation A n'd( 0 ) can be represented by [Equation 24]. 

A ii'(6)d = [n' e°((9)- n' o"(9)] • d 

n'o*>(e) = Vno^-X^ X = n • sinO 

nXn/-n,=^cos^[0Lc] " cos^«" 
e*"..- (He^^ n/)sin[6>Lc] ' cos[6>i,c] ' coscr^ 

[Equation 24] 

Furthermore, when the sample having a twisted orientation is disposed so that 
[Equation 23] is satisfied, [0lc] can be represented by [Equation 25], 
1 

j9LC] = ^J0ix:(Z)- d Z 

[Equation 25] 

In other words, when the sample having a twisted orientation is disposed so that 
[Equation 23] is satisfied^ [ 0 lc] becomes an average tilt angle of the sample having a 
twisted orientation. 

When [ B Lc] becomes an average tilt angle, the relationship between the \^0^ 
and pretilt angle 0 ^ is represented by [Equation 26]. 
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[Equation 26] 



In these equations, p is a chiral pitch (one period of a spiral structure of a 
vertically aligned liquid crystal layer in a thick cell), and the units are the same as those 
of d. For example, if the units of d are /Zm, the units of p are also Mm. K^, K22, K33 
are elastic constants for stretching, twisting, and bending deformations. Any units can 
be used for ~ K33, provided that the units match each other. In liquid crystal study, 
pN is usually used. 

According to such a method for calculating the pretilt angle 6^ from [^lc] 
using a mathematical formula, the pretilt angle 0^ can be accurately determined by 
employing the pretilt angle detection methods that were described in the second and 
third embodiments. 

When the pretilt angle detection method described in the second embodiment is 
used, for example, the measurement apparatus shown in Fig. 1 is employed. When the 
pretilt angle detection method described in the third embodiment is used, for example, 
the measurement apparatus shown in Fig. 4 is employed. 

First, a sample (sample 3 in the apparatus shown in Fig. 1 and sample 13 in the 
apparatus shown in Fig. 4) is disp>osed so that [Equation 23] is satisfied. In fact, it is 
difficult to dispose the sample so that [Equation 23] is fully satisfied. However, it is 
sufficient to dispose it within ±5°, and preferably, ±3** with respect to an azimuth of 
molecules at the light incident side interface, which is determined from the twist angle 
3> of orientation. 

Then, the dependence of the apparent retardation An'd(0) on the light incident 
angle 0 is measured following the procedure described in the second embodiment or 
third embodiment. The rotational axis P of the sample is taken parallel to the Y axis. 
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Then, the average tih angle (in this case [^ijc]) and sample thickness d are 
calculated by comparing the measured dependence of the apparent retardation 
A n'd( 0 ) on the light incident angle 0 using the dependence of the apparent 
retardation A n'd( 0}on the light incident angle 0 that was calculated by [Equation 24]. 

The pretilt angle 0 ^ of the sample is then calculated by [Equation 26] by using 
the calculated average tilt angle (in this case [ 0 lc])- Foi' example, the values of p, K^, 
K^22> presented in a manufacturer's catalogue can be used for the calculations. 

As described above, the pretilt angle 0 ^ of a sample having a twisted orientation 
can be determined with higher accuracy by using this embodiment. 

Example 1 

ATN liquid-crystal cell having a twist angle $ = —90° of orientation (negative 
sign indicates a counter-clockwise twist) was used as a sample with twisted orientation* 
A rubbing method was used for orientation processing. The fabrication method is 
described below. 

First, a glass substrate having transparent electrodes was spin coated with 
polyimide so as to obtain a 70 nm film and an orientated film was obtained by rubbing 
the surface with a nylon cloth. The two substrates were then bonded to each other with 
an adhesive mixed with resin beads having a diameter of 5 >am. The adhesive bonding 
was performed so that the oriented films faced each other and the rubbing directions 
were perpendicular to each other. A TN liquid-crystal cell was then fabricated by 
injecting the liquid crystal by means of capillary effect. 

The pretilt angle of the horizontally oriented cell (a cell bonded so that the 
nibbing directions of two substrates are parallel but opposite to each other) fabricated 
under the same nibbing conditions was then measured by the crystal rotation method. 
The result was about 6^ 

First, Stokes parameters of the TN liquid-crystal cell were measured by using 
the measurement apparatus shown in Fig. 1. Then, the twist angle O of orientation and 
the azimuth Of" of liquid crystal molecules at the light incident side interface were 
determined from the measured Stokes parameters. The following results were obtained: 
^ = —89.7% = 0.24 degree. 
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The TN liquid-crystal cell was then rearranged so as to obtain = 0. In such 
case, <R*'*>, <R***> shown in [Equation 13] become unit matrixes and the calculation is 
simplified. 

The Stokes parameters were then measured while rotating the TN liquid-crystal 
cell about the rotational axis P shown in Fig. 1. The apparent retardation An'd(0) was 
calculated from the measured Stokes parameters by using [Equation 12] ~ [Equation 
15] and [Equation 17] — [Equation 18]. The results of the calculations are shown in Fig. 
5. In Fig, 5, the light incident angle 6 Q is plotted against the abscissa, and the 
apparent retardation An*d(0) is plotted against the ordinate. 

The calculated apparent retardation An'd(0) was fitted within a range of the 
light incident angle of ±5° according to [Equation 16]. The following results were 
obtained: thickness of the liquid-crystal layer d = 4.67 //m, [Oj^] having a positive 
correlation with the pretilt angle 0 ^ being 6.63^ 

Example 2 

A sample having a twist-free horizontal orientation was fabricated. The sample 
fabrication procedure was the same as in Example 1. A series of samples were 
fabricated in which the pretilt angle was changed by modifying the oriented film 
material. 

The pretilt angles of the series of samples having horizontal orientation were 
measured. The samples were disposed so as to provide or*" = 30°. The results are shown 
in Fig. 6, In Fig. 6, values of the pretilt angle ^ , of cells having horizontal orientation 
fabricated under the same conditions were plotted against the abscissa; those values 
were obtained by taking measurements using the crystal rotation method. The results 
obtained by measuring the pretilt angle 0 ^ in accordance with the present invention 
were plotted against the ordinate. [ ^uj was obtained by fitting the apparent retardation 
An'd(0) of samples using a horizontal orientation in the range of the light incident 
angle of ±3** according to [Equation 16]. In the case of samples having horizontal 
orientation, the tilt angle is constant within the liquid-crystal cell. Therefore, 
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[ ^ Ls] = ^ a* The valueis of pretilt angle 0 which were obtained using the two different 
methods, are almost the same. 

Example 3 

A series of samples having a twisted orientation (TN liquid-crystal cell) in 
which the pretilt angle was changed by modifying the oriented film material were 
fabricated following the same procedure as in Example 1. 

Krst, similar to Example 1, the pretilt angles of the series of TN liquid-crystal 
cells were measured. The samples were disposed so as to provide or" = tan"^[(sin^ — 
1)/(1- cos*)] = 29,7° 

The average tilt angle [ & lc] was obtained by fitting the measured apparent 
retardation A n'd( 0 ) of TN liquid crystal cells in the range of the light incident angle of 
±3° according to [Equation 16], This average tilt angle [^lc] was converted to the 
pretilt angle Sousing [Equation 26]. The results are shown in Fig. 7. The values of the 
pretilt angle ^ ^ of cells having horizontal orientation fabricated under the same 
conditions were plotted against the abscissa; those values were obtained by taking 
measurements using the crystal rotation method. 

As shown in Fig. 7, the pretilt angle 0 ^ of cells having a horizontal orientation 
fabricated under the same conditions and the pretilt angle 0 ^of TN liquid-crystal cells 
had almost the same values. 

In the above-described embodiments, the explanation was focused on the 
detection of the pretilt angle of liquid-crystal cells. The present invention is, however, 
also applicable to elements other than liquid-crystal cells. For example, it can be also 
used for detecting the pretilt angle of retardar plates having organic films, in which the 
main axis of refractive index is tilted from the normal direction. 

Furthermore, the rotation axis of the samples was set horizontal to the Y axis. 
Such configuration is, however, not limiting and it can be set in other directions, for 
example, parallel to the X axis. Moreover, rotation of samples or movement of the 
optical system can be used to change the light incident angle. In addition, the typical 
and simple configuration of optical system elements is not limiting. 
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The apparent retardation A n'd( 0 ) can be determined by various methods and 
not only by the method described in the embodiments. 

Furthermore, the present invention can provide pretilt angle detection methods 
or pretilt angle detection apparatus* 
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